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ABSTRACT 

We construct various non-singular p-branes on higher-dimensional generalizations 
of Taub-NUT and Taub-BOLT instantons. Among other solutions, these include S^- 
wrapped D3-branes and M5-branes, as well as deformed M2-branes. The resulting 
geometries smoothly interpolate between product spaces which include Minkowski 
elements of different dimensionality. The new solutions do not preserve any super- 
symmetry. 
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1 Introduction 



Regular p-brane solutions can be constructed by a process which has been referred 
to as "resolution via transgression" pp. The first step is to replace the standard 
flat transverse space by a smooth space of special holonomy, which is Ricci-flat and 
has fewer covariantly constant spinors. Next, the p-brane solution is deformed by 
additional flux such that the Chern-Simons terms modify the equation of motion 
and/or Bianchi identity of the field strength. If the new transverse space has a non- 
collapsing ra-cycle, then it can support a harmonic n-form which is square integrable 
at short distance. The result is a completely non-singular geometry ^. 

This procedure was applied to the D3-brane, for which the six- dimensional trans- 
verse space was replaced by the deformed conifold jH El E] • Since the new transverse 
space has a non- collapsing 3-cycle, it supports a square integrable three-form flux, 
which serves to resolve the singularity. This singularity resolution procedure has been 
applied to many other p-branes, including D2-branes on spaces of G2 holonomy 
M2-branes on spaces of Spin(7) holonomy [igilllinillZllIHlliniEniEIlEaEniEllES!, 
and others |ZlEj, to give a small sample. 

Since the standard fiat transverse space is replaced by a space of special holon- 
omy, the supersymmetry is reduced to a minimum. In fact, the main motivation 
for considering such solutions is because they may constitute viable gravity duals of 
strongly-coupled Yang-Mills field theories with reduced supersymmetry. This indi- 
cates that they may shed light on confinement and chiral-symmetry breaking. This 
was explored for the case of the D3-brane and the dual A/" = 1, -D = 4 superconformal 
Yang-Mills theory in il El E! • 

Previous work on brane resolution has incorporated transverse spaces of special 
holonomy, in order to study dual gauge theories of minimal supersymmetry. However, 
resolved brane solutions are certainly of interest in their own right. Unlike typical 
brane solutions which require a source term that is beyond supergravity, resolved 
branes are complete purely within the framework of supergravity. An interesting point 
is that the procedure of resolving singularities does not depend on the presence of 

^The latter portion of this procedure was first applied to the heterotic 5-brane, for which the 
singularity could be smoothed out by Yang-Mills fluxes 2 . Curiously, the standard flat transverse 
space did not need to be replaced. 
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super symmetry. In this paper, we illustrate this point by considering p-brane solutions 
on higher-dimensional generalizations of Taub-NUT and Taub-BOLT instanton spaces 
[TH [T^ 122] which do not preserve any supersymmetry. 

2 wrapped D3-brane 

The D3-brane of type IIB supergravity is supported by the self-dual 5-form field 
strength, with a six- dimensional Ricci-flat transverse space. Due to the Bianchi iden- 
tity (i-F(5) = FJ^^ a F^^, one can construct a fractional D3-brane if the transverse 
space has a self-dual 3-cycle. If instead the transverse space has a 2-cycle L(2), we can 
construct an S'^-wrapped D3-brane with one of the world-volume coordinates fibred 
over the transverse space [121 IH] . The solution is given by 

dsf^ = dt"^ + dxj + dxl + {dx3 + A(^i^f^ + dsl , 

F(5) = dt Adxi Adx2 A{dx-i + A(i^) AdH'^ - *edH 

+m *6-^(2) A {dxs + ^(1)) + dt A dxi A dx2 A L^^) , 
d^(i) = mL(2), (2.1) 

where L(2) is a harmonic 2-form in the transverse space of the metric ds\, and *6 is 
the Hodge dual with respect to dsl- The equations of motion are satisfied, provided 
that 

UH = ~^m'L% , (2.2) 

where □ is the Laplacian in dsg. 

Note that one can also have a fibred time-like direction, in which case the D3-brane 
solution is given by 

dslo = R-^/^ (^-{dt + A(i))^ + dxj + dxl + dxfj + H^^^ dsl ^ 
F(5) = (dt + yl(i)) A dxi A dx2 A dx^ A dH~^ + d^x A L^2) + dual terms, (2.3) 

which can be interpreted rotating D3-brane. 
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2.1 On Taub-NUT/BOLT with B = CF' 

The six-dimensional Taub-NUT/BOLT instanton metric with base space CP^ is given 
by tin EH] 

dsl = F-^ dr^ + AN^ F {dr + Af + dill , (2.4) 
where B? = — N"^ . dT,\ is the metric over CP^, given by 

rfS^ = + + cos^rf0)2 + ^ sin2^rf02) ^2.5) 

A = —{dtp + COS 9 d(f)) , (2.6) 

V 



and 



The function F is given by 



l/ = l + uV6. (2.7) 



-2N^r^ -2Mr - 
^ = ^ • (2.8) 

For the appropriate periodicity of the fibre coordinate r, we can avoid a conical 
singularity. In fact, for the base space CP^, the six-dimensional Taub-NUT (M = 
-|A^3 and r>N) and Taub-BOLT (M = fA^^ ^^^^ ^ > 3;y) 

are free of singularities. 

At short distance, the Taub-NUT approaches while the Taub-BOLT approaches 
X CP^. At large distance, they both are asymptotically cylindrical, having the form 

of an bundle over a cone with the base CP^, which we shall denote as C(CP^) x S^. 
We are interested in finding a harmonic 2- form supported by the metric ()2.4|) . 

The most general ansatz for a 2-form with respect to the isometry of ()2.4|) is given 

by 

L(2) =uie° Ae^ + U2 Ae^ + U3 A , (2.9) 
expressed in the vielbein basis 

e° = —;= dr , = R — = d9 , = R — ;= sin 9 dd) , = — du , 

2 

= R ^{d^/j + cos 9 d(f)) , = Vf [dr + ^ {di/j + cos 9 d(l))] . (2.10) 

The closure and co-closure of L^2) yield the following solutions: 

ui=r—^) (r2-Ar2)-3/2, -u2 = Us = ^irTV8TPP)u,. (2.11) 

\r — i\ / 4 



It has a non-trivial flux and is not normalizable at large distance. For the Taub- 
BOLT metric (M = |A^^ and r > 3A^), both two-forms are square integrable at short 
distance. On the other hand, for the Taub-NUT metric (M = — |A^^ and r > A^) 
only the two-form with the negative sign is square integrable at short distance. We 
solve for the corresponding H in the case = 1. 

First, we consider the Taub-NUT metric. For the top sign in ()2.11|) . there are 
only singular solutions. This can be seen a priori, since the corresponding two-form 
is not square integrable. On the other hand, for the bottom sign in p.llj) . there is 
a regular solution to H. For this first example, we will show explicit details. In this 
case, ()2.2|) can be written as 



The solution is given by 

if = IH + c 



16(r + l)2 ' 512''VLr-l (r - 1)2 + ^°^lr + 3 J J ' ^^'^^^ 

Choosing the integration constant c = -^rri^ yields a regular solution given by 

H=l+ '^"^^ . (2.14) 
16(r + l)2 ^ ' 

For future examples given in this paper, we will only present the regular solution that 

results from the appropriate choice of the integration constant. 

At both short and large distances, H asymptotes to a constant. Therefore, the 
D3-brane geometry smoothly interpolates between M3 x k 5^ (a product space of 
three-dimensional Minkowski spacetime and a bundle over M^) at short distance 
to M4 X C(CP^) X (a product space of four-dimensional Minkowski spacetime and 
a V{V) bundle over a cone with base CP^) at large distance. 

Next, we turn to the Taub-BOLT metric. In this case, since the two-form is square 
integrable for both signs in ()2.1H1 . both of the corresponding solutions are regular. 
These are given by 

3m2(±6 + 5r±25r2 + 10r3) 
160(r ± 1) 

As before, H is asymptotically constant at short and large distances. The D3-brane 
geometry smoothly goes from M3 x (M^ x CP^) x at short distance to M4 x C(CP^) x 
at large distance. 



g=i+ "'" ^ 7..'. , • (2-15) 
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Since the Taub-BOLT instanton supports two independent harmonic two-forms, 
these can be superimposed to form a more general S'^-wrapped D3-brane. It is also 
possible to have a regular T^-wrapped D3-brane, for which two of the worldvolume 
directions are fibred over the two two-forms respectively. The resulting short distance 
geometry of the D3-brane would then be M2 x (M^ x CP^) x T^. 



2.2 On Taub-BOLT with B = S'^ x 

The six-dimensional Taub-NUT/BOLT instanton metric with base space S"^ x S"^ is 
given by [TT] 

dsl = dr^ + AN^ Fa^ + (r^ - N^){dnl + dClj) , (2.16) 

where 

dnj = de'^ + sin^ e d(j)'^ , dClj = dO"^ + sin^ 6 d^'^ , 

a = dip + cos 9 d(f) + cos 9 d(f) , (2-17) 

The function F is given by ()2.8|) . For the base space S'^ x S"^, the Taub-NUT has 
a curvature sing ularity. However, the Taub-BOLT (M = ^N^ and r > 3A^) IS com- 
pletely smooth, and goes from x x S"^ at short distance to C(S'^ x S"^) x at 
large distance. 

The most general ansatz for a 2-form with respect to the isometry of ()2.16|) is given 
by ()2.9|1 expressed in the vielbein basis e*^ = dr, = Rd9, = R sin 9 d(f), 

= Rd9, = R sin 9 d(l) and = 2N\fF a. The closure and co-closure of L(2) yield 
the following solutions: 

AN r±3Ar , , 

It has a non-trivial flux. The square of this form is 



Thus, it is square integrable for r ^ but not normalizable at large distance. 

For the negative sign, for an appropriate choice of integration constant, there is a 
regular solution to H in ()2.2j) given by 



2 

m 
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For the positive sign, an appropriate choice for the integration constant leads to the 
regular solution 

(6iV3 + 5iV2 r + 25A^r2 + lOr^) m2 

H = 1 -\ : -= . (2.21) 

10{N + rf ^ ' 

All of these geometries smoothly interpolate from M3 x (M^ x 5*^ x 5*^) x at short 
distance to M4 x C{S'^ x 5*^) x at large distance. Again, we can superimpose the 
above solutions to get a regular T^-wrapped D3-brane. 

However, Taub-BOLT instantons with = 5*^ x 5*^.. x S*^ do not admit a spin 
structure jTUHH]. This is because each S"^ factor generates an element of H2 of odd 
self-intersection. This applies to the S'^-wrapped D3-brane on a Taub-BOLT with 
i3 = S*^ X S*^ of this section, as well as the deformed M2-brane on a Taub-BOLT with 
,B = 5*^ X 5*^ X 5*^ and the deformed or S^-wrapped 5-brane on a Taub-BOLT with 
B = S"^, which we will discuss shortly. Nevertheless, these spacetimes may still admit 
a Spirf structure^. 

2.3 On generalized Taub-NUT/BOLT 
2.3.1 Taub-BOLT 

Recently a family of Taub-NUT and Taub-BOLT metrics were found which have an 
additional spherical element [T2|. Included is a six- dimensional Taub-BOLT solution 
with the topology S"^ times a bundle over the base space 5*^. The metric is given 

by m 

dsl = F-^ dr^ + AFa^ + (r^ - l)dnl + dnj , (2.22) 



where 



dnl = de^ + sin'^ 6 d(f)\ dCll = de^ + sin^ e d(f)\ 



a = dil) + cose dcf), (2.23) 
The function F is given by 

(r+l)(r-2) 

3r(r - 1) ^ ' 



^Thc author thanks Andrew Chambhn for clarifying this point. 
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Also, r > 2. This Taub-BOLT geometry goes from x x S*^ at short distance to 
C(S'2 X 5*2) X at large distance. 

We are interested in finding a harmonic 2-form supported by this metric. The most 



general ansatz for a 2-form with respect to the isometry of ()2.22|1 is given by (|27 



expressed in the vielbein basis e° = 1/VF dr, = y/r"^ — 1 d9, = — 1 sin 6*^0, 

= rdO, = r sm9d(f) and = 2y/F a. The closure and co-closure of L^2) yield 

three solutions. The first one is given by 

3^2 _ 2 

^1 = r2 (^2 _ 1)2 ' ^2 = ^^^2 _ 1)2 ' "3 = 0, (2.25) 
corresponding to the regular H given by 

^ _ m2 (9 + 20r + 9r2 - 12r^ - 8r^) ^ ^^aj^g/^ + l^j 26) 
6r(r — l)(r + 1)3 3 V r / 

The second solution is given by 

^1 = f^2 _ 1)2 ^ ^2 = _ 1)2 ' "3 = 0, (2.27) 



with 



m2 (11 + 18r - 3r2 - 8r^) ,1 2. + 1 



H=l + ^ — ^ -.^ ^ + -m^log^^— . (2.28) 

24(r-l)(r + l)3 3 - ' ^ ^ 



The third solution is 

ui = U2 = 0, Ms = 3, (2.29) 

with 



ff=l-5!!!l(l±i!i + 6mMogf^'). (2.30) 



2r(l + r) 

Notice that the second and third harmonic two-forms have non-trivial fiux and are 
not normalizable at large distance. However, all three two-forms are square integrable 
for r 2. All of the corresponding D3-brane geometries asymptotically approach 
M4 X (7(5*2 ^ ^2) ^ large distance. However, they have different bundle structures 
at short distance. The first two solutions are M3 xS'^x (M^ x S^) x at short distance, 
while the third is M5 x S"^ x t< S^. These solutions can be superimposed to get, 
for example, a T'^-wrapped D3-brane. 

2.3.2 Taub-NUT 

Simply taking r — r transforms the above six-dimensional Taub-BOLT metric into 
a Taub-NUT metric, where now r > 1 ^12, . This Taub-NUT metric is given by ()2.22j) 



with 

3r(r + 1) 

Thus, the same six- dimensional local metric form extends smoothly onto two different 
manifolds. This Taub-NUT geometry runs from M'^ x S*^ to C{S'^ x S'^) x S-^. 

The three harmonic two-forms supported by these Taub-BOLT and Taub-NUT 
metrics are identical, since they do not depend on the function F. However, the 
resulting H for each case are not related by taking r — * — r, and must be solved from 
scratch. In fact, only for the third harmonic two- form ()2.29|) does there exist a regular 
solution, given by 

imMog(!:±^). (2.32) 



3m2 3 /r + 2^ 

H = 1 



2r 

The D3-brane geometry smoothly runs from M3 x (M"' x S*^) x S'^ to M4 x C{S'^ x 
S^) X S\ 

2.4 On Schwarzchild instanton 

We will now consider the S'^-wrapped D3-brane solution given by ()2.1|) for which the 
six-dimensional transverse space is a Schwarzchild instanton, whose metric is given 
by 

dsl = fdx^ + f-Ur^ + rUQl, (2.33) 

where 

M 

/ = l--r, (2.34) 

and > M. This geometry runs from x S*^ at short distance to at large 
distance. 

This metric supports a harmonic two-form 

L(2) = ^ A , (2.35) 

which is normalizable at large distance and square integrable as r — > M^/^ The 
corresponding regular solution to H in (j2.2|) is given by 

2 

This D3-brane geometry smoothly interpolates between M3 x S*^ x x and Miq. 
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3 Deformed M2-brane 



The M2-brane of eleven-dimensional supergravity is supported by the 4-form field 
strength, with an eight-dimensional Ricci-fiat transverse space. Due to the equation 
of motion d*Ff^^^ = iF(4) A-F(4), one can construct a resolved M2-brane if the transverse 
space has a (anti)-self-dual 4-cycle. This type of modification to the M2-brane, which 
makes use of the interaction in ci * F(4) = iF(4) A F(4), has been greatly studied, for 

example in[Tni|Tl[TnilIZllIHllinillIllZIll22ll2SlElll2nil2n!. The deformed M2-brane 
is given by 

F(4) = d^x AdH-^ + mG^^^ , (3.1) 

where G(4) is a harmonic self-dual 4-form in the Ricci-fiat transverse space dsf. The 
equations of motion are satisfied, provided that 

nH = -^m'Gl, (3.2) 

where □ is the Laplacian on dsf. 

Before discussing specific examples, we would like to mention that the deformed 
M2-brane can be dimensionally reduced along the worldvolume to give a deformed 
NS-NS string in type IIA theory, given by 

ds% = H-^'\-dt' + dx^)+H^'^dsl, 

F(4) = m G(4) , F(3) =dtAdxA dH'^ , e^'*' = H . (3.3) 

This solution can be T-dualized to a regular type IIB pp-wave given by 

dsla = -R-^ dt^ + H (dx+ {H-^ - 1) dt^ ^ + dsl, 

= m4 (dx + - 1) rft) A (G(4) + *sG,,,) . (3.4) 

3.1 On Taub-NUT/BOLT with B = CP^ 

For the transverse space, we will consider an eight-dimensional Taub-NUT/BOLT 
instanton, whose metric is given by [SHI 

dsl = P-^ dr"^ + N^F {dr + A)^ + dT^l , (3.5) 
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where 

^ 5(r2 - iV2)3 ' ^3-6) 

and i?^ = r"^ — N"^. dY^I is the metric for CP^ given by 

d-Ll = de + -/ dnl + \s'^ dnl + \s'i c'i a' , (3.7) 



where 



dnl = de^ + sm"^ 9 d(l)\ dnl = de^ + sin^ e d(l)\ 

a = dip — cos 9 d(j) + cos 9 dcf) , (3.8) 

and c = cos^ and s = sin^. Also, 

1 1 1 _ _ 

A = - (c^ - s^) # - -c^ cos 9d(l)- -s^ cos 9 d<f) . (3.9) 

For the appropriate periodicity in the fibre coordinate r, there is no conical singularity. 
At short distance, the Taub-NUT geometry is while the Taub-BOLT geometry is 

X CP'^; both geometries asymptotically approach C(CP^) x at large distance. 

The veilbein for the 8-space described by ()3.5|) are given by 

1. R R 

e° = —= dr , = — cd9 , = — csm9d(h, 

y/F 2 ' 2 ^' 

R ~ R ~ ~ 

e' = —sd9, e"^ = —s sin 9 d(f) , e' = Rd^, 

R 

= — sc{d^- cos 9 d(f) + cos 9 d4)), e'^ = N Vf {dr + A) . (3.10) 

An (anti) self-dual 4-form on this 8-space is given by 

G,^, = M±(e° Ae^Ae^ Ae^ie^ Ae^Ae^ Ae^) 
+uf (e° A A A e"^ ± A A A e^) 
+uf (e° A A A ± A A A e^) . (3.11) 

The closure of (7(4) yields the (anti) self-dual solution 

uf = ut = -u^ = - ^— , (3.12) 

Both of these two-forms are normalizable at large distance. In the case of the Taub- 
NUT (M = |A^^ and r > A^), only the anti self-dual two- form is integrable at short 
distance. This has the corresponding regular solution for H given by 

5m2 (2A^2 + 3iv r + 3r^) 15m^ /{r + N){r + 3N) \ 



H = l + 



256Ar5(r + Ar)3 + 512Ar6 ^'"^^''l 2Ar(r + 2Ar) J' ^^■^^> 
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The M2-brane geometry smoothly interpolates from Mil at short distance to M3 x 
C(CP^) K at large distance. 

Both the anti self-dual and the self-dual two-forms are square integrable at short 
distance for the Taub-BOLT, which indicates that the there exists corresponding 
regular solutions for H. However, we have been unable to express these in a closed 
analytical form. We expect that such M2-brane geometries would smoothly run from 
M5 X CP^ at short distance to M3 x C(CP^) x at large distance. 

3.2 On Taub-BOLT with ^ = x x or CP^ x 

We can replace the base space CP'^ of the Taub- NUT /BOLT metric ()3.5p by any other 
six-dimensional Einstein-Kahler space, such as S*^ x S*^ x 5*^ or CP^ x S'^ ^T]. Since, 
in these cases, only the Taub-BOLT is free of singularities, we will not consider the 
Taub-NUT in this section. 

In the case of i3 = S"^ x 5*^ x 5"^, the corresponding Gf^^ is the same as in the 
previous section. This indicates that there is a corresponding regular solution for 
H though, again, there does not seem to be a closed form analytical expression 
for it. Presumably this M2-brane geometry would run from M5 x 5^ x 5*^ x S*^ to 
M3 X (7(5*^ X 5*^ X 5*^) X S^. However, as previously mentioned, Taub-BOLT instantons 
of this topology do not admit a spin structure, though they may still admit a Spin^ 
structure jTT] . 

We will now consider B = CP^ x S"^ explicitly, though we restrict ourselves to 
= 1 for simplicity. In this case, the Taub-NUT/BOLT metric can be written as 

dsl = F-^ dr^ + 4F {dr + Af + {dJ^l + dQl) , (3.14) 

where F is given in ()3.6|) divided by a factor of 8, and i?^ = — 1. dJ^I is the metric 
for CP^ given by (j23) and ^Ji). Also, A is given by and = dO'^ + sin^ 9 dcj)^. 
This Taub-BOLT geometry goes from x 5^ x CP^ to C{S'^ x CP^) x S^. 

An (anti) self-dual 4-form on this 8-space can be written as ()3.1H) . in the veilbein 
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basis 



1 ""-^r/i 2 ■ n 11 

e = —= ar , e = — ^ ad , e = — = sm 6 do , 

R u R 

e' = —du, = — — {di) + cos 6 dcj)) , = RdO , 

= R sine d4), e'' = 2 \fF {dr + A) . (3.15) 

We will restrict ourselves to the case = 1. 

The closure of G(4) yields the following self-dual solutions: 

and 

_ 1 -9r + 3r2 -3r3 _ 3r2 + 1 

~ """^ ~ 24(r + 1)4 (r - 1)3 ' ~ 3(r + 1)^ (r - 1)3 ' ^"^'^^^ 

There are also two anti self-dual solutions given by 

1 

"4(r + l)3(r- 1) ' ~ (r + l)3(r- 1) 



Ui = -U2 = -—, — — 7T, M3 = 7 — — TTTT TT' (3-18) 



and 

1 + 9r + 3r2 + 3r3 _ 3r2 + 1 

= = 24(r + 1)3 (r - 1)^ ' " 3(r + 1)3 (r - 1)^ " ^^'^^^ 

All of these two-forms are normalizable at large distance. For the Taub-BOLT, all of 
them are also square integrable at short distance. This indicates that each two-form 
has a corresponding regular solution for H , even though we cannot express it in closed 
analytical form. These M2-brane geometries would smoothly go from M5 x 5*^ x CP^ 
to M3 X C{S^ X CP2) K S\ 



3.3 On generalized Taub-NUT 

For the transverse space, we will now consider a generalized Taub-NUT instanton, 
whose metric is given by jT2] 

dsl = A dr^ + ^ (r + Af + (r^ - 1) dT?^ + d^l , (3.20) 

U 



where 



^^l- f (3.21) 

3r — 1 
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dJ:l is the metric for CP^ given by and (jTTjl . Also, A is given by (jSIEl)- This 
Taub-NUT geometry goes from x to C{S^ x CP^) x S\ 
The veilbein for the 8-space described by ()3.20|) are given by 



U 

— du . 
V 



dr . 



uR 



de. 



2VV 

— — {d^) + cos 6 d(j)) 

^ V 



uR 
2v^ 



sin 9 ( 



rde^ 



2\l-{dT + A). 



e = r sin 9d(f) , e ' 
An (anti)self-dual 4-form on this 8-space is given by 



(3.22) 



G 



(4) 



ui (e° A e'^ A A ± A e"^ A A e^) 
+U2 (e° A A A e"^ ± A A A e^) 
+M3 (e° A e'^ A A ± A A A e"^) . 



(3.23) 



The closure of G(4) yields the following solutions: 



Ml 



3r + 1 



1 



and 



2r2 (r + l)3 
1 - lOr^ - 15r^ 



-M2 



Ms 



-M2 



U3 



r (r + 1)'^ 
3r2 + 1 



(3.24) 



(3.25) 



All of these four-forms are normalizable at large distance. However, only the (anti)self- 
dual pair given in ()3.24|) are square integrable as r — 1 and, thus, have a correspond- 
ing regular H given by 



H 



16r 
+ :z^m log 



15m 



+ 



207 



8(r + l) 8(r + l)2 128 



15 m arctan 



-(3 + 2r) 



256 



„34 



(3.26) 



(r + l)i6 (^2 + 3r + 8/3)9- 

The geometry of this M2-brane interpolates from Mg x S"^ at short distance to M3 x 
C(52 X CP^) K at large distance. 
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4 Deformed and /S^-wrapped 5-brane 

4.1 Deformed heterotic 5-brane 

The deformed heterotic 5-brane is given by P] 

e-^*F(3) = d'xAdH-\ (l)=hogH, F^,,=mL,,,, (4.1) 

where * is the Hodge dual with respect to dsl^ and L^^2) is a harmonic two-form on 
ds\. The equations of motion are satisfied, provided that L^^) is a self-dual two-form 
and 

UH=--m'Ll^, (4.2) 

where □ is the Laplacian on ds\. Note that an overlapping 5-brane configuration can 
also be resolved 



We will consider the case in which ds\ is the metric for the Taub-NUT instanton, 
given by 

dsl = F~^dr^ + F {dtp - 2N cos 9 dcj))^ + (r^ - A^^) (^^2 ^ ^^^2 q ^^2-^ ^ ^^^^-^ 
where 

Harmonic 2-forms supported by this metric are given by 

Lj, = ^-^(e°Ae3±e^Ae^), (4.5) 

expressed in the vielbein basis e° = dr, = \/r'^ — N"^ d9, = \/r'^ — N"^ sin 6 dcj), 
and = \/F {dip — 2N cos 6 dcp). It has a non-trivial flux, and the square of this form 
is 

We will now break up further analysis for the cases of the Taub-NUT and Taub-BOLT 
instantons. 

Taub-NUT 
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In the BPS limit, M = N, for which the four-dimensional metric ()4.Hj] is that 
of the Taub-NUT instanton. In this case, r > N. The geometry goes from R'^ to 

Only is square integrable for r ^ N. Neither two-form is normalizable at 
large distance for any of the three instantons. For L+j, a regular solution is given by 

2 

771 

For L^j, the unavoidably singular solution is given by 

The geometry of this 5-brane interpolates from Mio at short distance to Mg x C{S'^) k 
at large distance. This solution preserves minimal supersymmetry PJ. 

Taub-BOLT 



In this case, M = and r > 2N. The geometry goes from x 5*^ to C{S'^) x S^. 
± 

(2) 



Both L^, are square integrable for r — > 2N. Regular solutions are given by 



and 



for L+j and respectively. Both of these 5-brane geometries run from Mg x S"^ 
to Mg X C(S'^) X S^. and L^^j can be linearly superimposed to yield a more 
general deformed 5-brane solution. However, as we previously mentioned, the four- 
dimensional Taub-NUT instanton does not admit a spin structure, though it may still 
admit a Spirf^ structure PH] . 

Schwarzchild instanton 

For = 0, r > 2M . are square integrable as r — ^ 2M. This geometry goes 
from M? X S'^ to 

Both L^, have a regular solution given by 



^ = 1 + 1?^- (4-11) 

Mr ^ ' 



The corresponding 5-brane geometry go from Mg x S* to Miq. 
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4.2 5 -wrapped 5-brane 

The above resolution of the heterotic 5-brane requires the presence of matter Yang- 
Mills fields which are absent in the type II theories. However, a resolved type II 5- 
brane can be constructed by wrapping worldvolume directions around the transverse 
space. For example, a regular S^-wrapped 5-brane was obtained in [27] by lifting the 
four- dimensional SU{2) gauged black hole |2S|. This solution can apply for both type 
II and heterotic 5-branes. 

Another example of a regular 5-brane solution of both type II and heterotic the- 
ories is the S'^-wrapped 5-brane given by [12] 

F^^ = ndH-mL,,,A{dx5 + A^,^), ^ = -^\ogH, (4.12) 

where dA(i) = mL(2). L(2) is a harmonic 2-form on dsl and *4 is the Hodge dual with 
respect to dsl- The equations of motion are satisfied, provided that ()4.2p and L(2) is a 
self-dual two-form. Note that overlapping S^-wrapped 5-branes can also be resolved 

m 

We can also consider a rotating 5-brane, given by 

dslo = H-^/^(^-{dt + A^,^)^ + dxl + --- + dxij+H^/'^dsl, 

F^^ = Mii-mL(2) A(dt + A(i)), = -^ log if. (4.13) 

For the Taub-NUT/BOLT metric given by ()4.3j) . the computation of L(2) and 
ii carry over from the deformed 5-brane of the previous section. Since the Taub- 
BOLT and Schwarzchild instantons both support two independent harmonic two- 
forms, these can be superimposed to form a regular T^-wrapped 5-brane. In the 
case of the Schwarzchild instanton, for example, the resulting T^-wrapped 5-brane 
geometry goes from M4 x (M^ x S*^) x to Miq. 
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5 Resolved D4/M5/NS5-branes 



The deformed D4-brane solution is given by 

F(2) = mL(2), F(3) = m*L(2), (5.1) 

where * is the Hodge dual with respect to dsf. The equations of motion are satisfied 
provided that H is given by ()2.2|1 . where L(2) is a harmonic two-form on the five- 
dimensional transverse space. 

5.1 On Schwarzchild instanton 

The D = 5 Schwarzchild instanton metric is given by 

dsl = f dz^ + f^Ur^ + dQj , (5.2) 

where 

/ = 1-^' (5-3) 
and r > v^M. This geometry goes from x to M^. 
This metric supports a harmonic two-form 

L(2) = dz A dr , (5.4) 

which is normalizable at large distance and square integrable at short distance. The 
corresponding regular solution to H is given by 

The geometry of this D4-brane smoothly interpolates from My x 5''^ at short distance 
to Mio at large distance. 

The above deformed D4-brane can be lifted to eleven dimensions as an 5'^-wrapped 
M5-brane solution given by 

dsj, = H~^/^(dxl + {dx^ + ^dzf)+H^'^dsl, 
F(4) = *dH + m [dx^ + — dzj A , (5.6) 
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where 0(3) is the volume-form of the transverse corresponding to the metric dJlg. 
The M5-brane geometry runs from M5 x x t< to Mn. 

We can now reduce back to ten dimensions along one of the non-fibred spatial 
directions of the M5-brane. The result is the -S^-wrapped D4-brane solution 

dsl, = H-'/'(dxl+{dx, + ^^dz)')+H'/'dsl 

Tfl 

F(4) = *dH + m {dxi + — dz) A l^o) . (5.7) 



Alternatively, we can express the transverse 5"^ metric as a fibre bundle over S"^: 

dQl ^h^dip^ cos e d(t)f ^'^dnl, (5.8) 

where d^l\ — 0?^^ -|-sin^ 9 d(j)^. reducing over the fibre bundle direction yields the type 
IIA 5'^-wrapped NS5-brane solution 

dsl, = (Ly'^H-'l^[dxl+{dx, + ^^dzf)+H^'\fdz' + r'dr'+'^^ 

T Til / TTl \ 

F(3) = -*dH+— \^dx5 + ^dzj A Q(2) , F(2) = ft^^^ , (5.9) 

where Q(2) is the volume- form corresponding to the metric 
All of the above solutions are regular, since r > y/M. 

5.2 On Schwarzchild on Taub-NUT 

A metric that resembles a D — 5 Schwarzchild instanton superimposed with a D — A 
Taub-NUT instanton can be written as 

dsl ^fdz^ + f-^ dr^ + 2N{2N + M)W {di/; + cos 6 d(j)f + (r^ - N^) dfll , (5.10) 

where 

M r - N 

/ = 1 .7, ^--—1^^ (5-11) 

r — JSI r + N 

and dnl = de"^ + sin^ 6 dcf)"^. Also, r>M + N. 

A harmonic two-form supported by this metric is given by 

^(^^ ^ /TI7( \ ^ dzAdr. (5.12) 

(r^ - A^^) 
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which is normahzable at large distance and square integrable at short distance. The 
corresponding regular solution to H is given by 

r2i 



H 



1 H log 

MN ^ 



^/M{M + 2N){r^ - m) + [{M + N)r- 



(5.13) 



{^M{M + 2N) + M + N){r - N) 

As in the previous section, we can obtain regular S^-wrapped M5, D4 and NS5- 
branes from the above solution. 



6 Conclusions 

We have constructed many regular p-brane solutions on higher-dimensional general- 
izations of Taub-NUT and Taub-BOLT instantons. These new solutions do not pre- 
serve any supersymmetry, which serves to demonstrate that the resolution of brane 
singularities works without the presence of supersymmetry. The resulting geometries 
smoothly interpolate between two phases of Minkowski spacetime of differing dimen- 
sionality. Since these new solutions do not preserve any supersymmetry, the stability 
is not assured. We leave this issue for future work. 
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